Summary

Technological aspects of the formation of a matrix based on polyvinyl alcohol cryogels, its structure, and its physicomechanical and physicochemical properties are presented. The prospects of using the PVA cryogel matrix for the immobilisation of biologically active compounds are discussed.
In recent decades, biomaterials that interact directly with living tissues and cells have been a matter of great interest. Polymeric hydrogels, which are most universal and have potential uses in a number of different areas of innovative and basic medicine, are promising for the development of biomaterials.
Hydrogels comprise an insoluble network of hydrophilic polymers that is capable of taking up biological fluids and water. The amount of sorbed water may be different -ranging from 10-20% to an amount 1000 times greater than the mass of the hydrogels in the dry state, which is one of the attractive properties that has resulted in their wide application (Figure 1) . The three-dimensional hydrogel structure is the result of crosslinking of the polymers, which consequently produce a formation that is insoluble in the surrounding solution.
With their distinctive structure, hydrogels possess special properties. For example:
• Colloidal particles are larger than molecules, and the colloids do not permeate through a semi-permeable membrane.
• Colloidal particles scatter light and are in constant motion, which enables the particles to remain in suspension.
• Highly disperse colloidal particles have a large surface promoting a high level of absorption. This parameter can be controlled by limited crosslinking, which at the same time also increases the stability of the gels under mechanical effects.
• Colloidal particles to some degree affect the boiling point and the freezing point of the solution.
• When electrical potential is used, charged colloidal particles move towards electrodes with opposite charges.
• Some gels are thixotropic, being solid in the relaxed state and free flowing under shear stress, shaking, or some other interference [1].
However, a large proportion of developed polymer hydrogels, including those actually used in practice, have, as before, a whole number of shortcomings:
• inadequate mechanical strength;
• low osmotic stability (an abrupt change in volume with a negligible change in pH and ionic force);
• the possibility of syneresis during storage;
• diffusional difficulties in the sorption and desorption of substances even of low molecular weight, etc.
So-called macro-and superporous polymer hydrogels are free of the above shortcomings. One of the most accessible types of macroporous hydrogel is cryogel of polyvinyl alcohol (PVA) -a polymer possessing excellent biocompatibility [2] .
Cryotreatment leads to structure formation of the gel, which is converted from the soluble state to the insoluble state [3] . Freezing at a temperature ranging from −5 to Plasticheskie Massy, No. 11-12, 2015, pp. 53-56 Polyvinyl alcohol cryogels as the matrix for biomaterials Translated by P. Curtis −20°C of concentrated solutions of PVA, the holding of specimens for a certain time in the frozen state, and their subsequent defrosting result in the formation of heat-reversible anisotropic cryogels. Their structure and physicochemical characteristics are determined by the temperature and duration of cryogenic structure formation, the polymer concentration in the initial solution, the molecular weight of the PVA, and the content of acetyl groups in its molecules [4] . On exposure of aqueous solutions of PVA to low temperatures (below the temperature of phase transition of the solvent), cryolytic processes develop in the system, as a result of which the degradation and structure formation of macromolecules proceed simultaneously, and crosslinks are formed between them [5] . The nature of the polymer and also the temperature and time regimes of freezing and defrosting determine the properties [3] , structure [6] , and surface micromorphology [7] of the cryogels obtained. PVA cryogels are used as the support of dense culture media, the advantages of which are the absence of gel phase thinning and the possibility of controlling elasticity [8] . They serve as excellent supports of immobilised biological molecules and cells not only of microorganisms but also of certain animals [6] .
The normal technology for producing PVA cryogel is noted for its considerable complexity and high energy requirement [9] . Here, the initial composite, containing 3-26 wt% dissolved PVA, is frozen at a temperature of 15-30°C, held in the frozen state for 1-24 h, and defrosted, after which the obtained cryogel is subjected to final treatment.
In order to produce a cryogel with increased strength and sufficient elasticity, use was made of PVA powder (GOST 10779, grade M, chemically pure). A powder suspension in distilled water was slowly heated to 80°C during constant stirring for 1.5 h for the polymer particles to swell. Then, the temperature was raised to 95°C and held for 2 h, followed by cooling of the obtained homogeneous solution to room temperature. The prepared PVA hydrogel of 10 wt% concentration was poured into a mould and placed in a cooler. The specimens were frozen at a rate of ~2°C/min and held in a wide temperature range T = −1 to −70°C, depending on the frequency of the 'freezing-defrosting' cycles (1-3 cycles), under different conditions and with a different defrosting rate (v < -1°C/min; v ≥ 2°C/min) ( Figure 2 ).
The physicomechanical properties were assessed on an Instron tensile testing machine with a clamp speed of 50 mm/min, recording the tensile strength of the specimens σ and their elongation at break ε. • the most rubbery (ε = 100%) cryogel is formed as a result of freezing at T = −20°C and subsequent defrosting at a slow rate (v < 1°C/min);
• cryogel possessing the greatest strength (σ = 0.08 MPa) in comparison with the other specimens is formed at a freezing temperature T = -12°C, again provided it is defrosted slowly.
It must be noted that the graphs in Figures 3 and 4 , illustrating the change in elasticity of the specimens at different rates of the defrosting phase are a mirror image of each other. At T ≈ −28°C, the ductility of rapidly and slowly thawed out specimens is identical (ε = 80%). The tensile strength of the cryogel produced in the entire temperature range with slow defrosting is considerably (1.5-2.0-fold) higher than in the case of rapid defrosting.
The elasticity and tensile strength test results of specimens at T = −12°C, depending on the frequency of freezing, are presented in Figures 5 and 6 . It was established that two successive 'freezing-defrosting' cycles give additional strength to the cryogel, and its elasticity in this case changes dynamically. 
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As in Figures 3 and 4 
• double freezing and defrosting at any thawing out rate lead to a considerable increase (3-5-fold) in the strength of the cryogel (σ = 0.3-0.5 MPa); the ductility of specimens (ε = 80%) is higher under conditions of rapid defrosting than under conditions of slow defrosting (ε = 60%);
• cryogel specimens formed with 1-3 'freezingdefrosting' cycles exhibit low strength (σ < 0.1 MPa) with high elasticity (ε = 70-80%).
• the most elastic (ε = 85%) and strongest (σ = 0.55 MPa) cryogel specimens were obtained under conditions of a double cycle of successive freezing and defrosting, with defrosting at a high rate.
The deformation and strength characteristics of cryogel produced with rapid defrosting exceed those of cryogel with a slow thawing out rate.
Optimum from the viewpoint of preparing a cryogel with the prescribed deformation and strength characteristics is double freezing and defrosting at T = −12°C with slow (v < 1°C) defrosting in air.
At the second stage of the investigations, the optimum (in terms of deformation and strength characteristics) range of subzero temperatures of cryogel formation with a constant holding time of specimens τ = 15 min was established. The results are given in Table 1 .
On the basis of an analysis of the data in Table 1 , it was established that the optimum regimes of cryogel formation are T = −1 to −5°C and τ = 10-25 min. This results in a reduction in the energy requirement of the T/48 cryotreatment process and promotes an increase in the deformation and strength characteristics of the gel matrix.
Thus, the cryotechnology of formation of PVA-based material makes it possible, in a wide range, to control its physicomechanical properties and structure.
In Ukhartseva [10] it was shown experimentally that the different film formation temperatures lead to a change in the structure of the PVA gels. At subzero temperatures, the presence of numerous micro-and macropores, formed by ice crystals, is noted. Here, a three-dimensional structure is formed with individual globular inclusions which affect the degree of swelling of the polymer. Cryomodification leads to structure formation of the polymer, and here it passes from the soluble state into the insoluble state. It was established that the greatest degree of swelling of the PVA cryogels, for example at a temperature of −6°C, is characteristic of specimens containing compounds of a protein nature (gelatin, papain, collagen). The introduction of these components increases the degree of swelling of the materials by 20-25% in comparison with pure PVA ( Table 2) . Such an effect seems to be due to the emergence in the polymer-filler system of formations that interact both with the PVA molecules and with the filler molecules. Here, a network of crosslinks is formed, and degradation of the polymer occurs, which leads to an increase in the diffusion rate of water molecules into the low-molecular-weight part of the PVA and to acceleration of its solubility [11] . Fillers, being by their nature also high-molecular-weight compounds, probably undergo structural changes on the molecular level during the cryoformation of films. Their partial degradation occurs, intra-and intermolecular bonds are broken, and micropores are formed, into which solvent molecules penetrate, which leads to an increase in the permeability of the composite as a whole.
Increase in the degree of swelling of the composites by comparison with the initial PVA is also connected with reduction in the degree of crosslinking of the polymer-filler system, governed by the interaction of filler particles with formations arising in the system at subzero temperature. Such active formations limit the interaction between the particles of the polymer itself.
The surface of the obtained specimens of PVA cryogels was investigated by atomic force microscopy [12, 13] (Figure 7) .
It was established experimentally [14, 15] that gel composites comprise electret systems whose formation is due to the alignment of charged particles along the force lines of the electric field with several simultaneously acting polarisation mechanisms. Such properties provide the material with bioactivity; for example, in relation to certain pathogenic and nominally pathogenic microorganisms. In Bondarenko et al. [16] , an assessment was made of the bioactivity of specimens of PVA gels in relation to an Escherichia coli strain treated and not treated in a corona discharge (CD). The mechanism of the antimicrobial effect of such a system is reflected in the model in Figure 8 . 
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Thus, the optimum (with respect to the deformation and strength characteristics) regimes of formation of PVA cryogel matrixes are T = −1 to −5°C and τ = 10-25 min. The proposed low treatment temperatures of the gels, resulting in a reduced energy requirement with increased deformation and strength characteristics of the cryogels, can be used in medical practice in the manufacture of contact lenses, surgical implants, supports for immobilised bacterial cells, enzymes, hormones, and vitamins, and also as the polymer matrix of therapeutic systems for the slow release of medicines into the body [17] [18] [19] .
rEFErENCES
